We investigate electron-phonon coupling in metals by analyzing the composition of plumes produced by laser ablation with two delayed short laser pulses. Samples of Ti, Zr, and Hf are chosen since they have similar thermo-physical properties but significant different atomic masses. It is shown that the atomic emission intensity increases with the interpulse delay, whereas the nanoparticle emission intensity decreases. The characteristic time of plume changes is found to depend linearly on the metals' atomic mass. Theoretical considerations suggest that the measured times equal to the characteristic times of electron-lattice relaxation. Laser-matter interactions in the short pulse regime are of large interest for both fundamental research and industrial applications. During the last 10 years, many efforts have been focused on the research in material processing with intense short laser pulses, pushed forward by technological progress of femtosecond laser systems.
We investigate electron-phonon coupling in metals by analyzing the composition of plumes produced by laser ablation with two delayed short laser pulses. Samples of Ti, Zr, and Hf are chosen since they have similar thermo-physical properties but significant different atomic masses. It is shown that the atomic emission intensity increases with the interpulse delay, whereas the nanoparticle emission intensity decreases. The characteristic time of plume changes is found to depend linearly on the metals' atomic mass. Theoretical considerations suggest that the measured times equal to the characteristic times of electron-lattice relaxation. Laser-matter interactions in the short pulse regime are of large interest for both fundamental research and industrial applications. During the last 10 years, many efforts have been focused on the research in material processing with intense short laser pulses, pushed forward by technological progress of femtosecond laser systems. 1 The choice of these laser sources is mainly due to the reduction of the heat-affected zone when processing metals, and also to the possibility to machine wide band-gap dielectrics by nonlinear absorption.
During femtosecond laser irradiation of metals with laser intensities typical for industrial applications, the laser photons are mostly absorbed by free electrons. The electrons are then thermalized within femtoseconds through electronelectron scattering. 2, 3 The energy transfer to the lattice through electron-phonon coupling occurs on a larger timescale. This process depends strongly on the material properties, and its characteristic time typically ranges from a few to 10 2 ps. 4, 5 Thus, the time required for the electron-lattice thermalisation s e-l is much larger than the laser pulse duration s las . 2, 3 In that case, the heating regime of metals is the result of a competition between fast electron heat diffusion and energy transfer to the lattice. 6 Several experimental [7] [8] [9] and theoretical studies 10, 11 have been carried out to investigate the physical mechanisms involved in short pulse laser-metal interactions. Despite significant progress in this field, the investigation of ultrashort laser ablation remains a challenging research topic. In particular, the processes of energy dissipation and the precise mechanisms of material removal are not yet fully understood.
It was shown recently that the possibility of phase modulation and temporal tailoring of short laser pulses opens more opportunities for material processing. 12 Using doubled short laser pulses with interpulse delays ranging from 0.2 to 100 ps, Semerok and Dutouquet 7 noted an increase of the plume brightness and a decrease of the crater depth during ablation of copper and aluminum. Both effects were attributed to the reheating of the nascent ablation plume by the second laser pulse. 7, 11 Scuderi et al. 8 performed plume analysis during laser ablation of Ti with double pulses of 100-fs duration. They observed that the amount of nanoparticles decreased with the interpulse delay, whereas the number of atoms and ions increased. The changes in plume composition were attributed to the fragmentation of nanoparticles due to their interaction with the second laser pulse. By using fast imaging and atomic force microscopy, Noël and Hermann 9 demonstrated that the fraction of nanoparticles in plumes produced by short pulse laser ablation of metals is strongly altered when a second laser pulse is applied with a sufficiently long delay. Comparing the results obtained for gold and copper, it was shown that a significant reduction in nanoparticle formation is observed only if the interpulse delay exceeds s e-l . The authors proposed the reduced electronic heat transport at large lattice temperature as the dominant mechanisms for the observed reduction effect.
In this letter, we analyze laser plumes generated by the ablation of Ti, Zr, and Hf with two delayed short laser pulses. Being characterized by similar physical properties but significantly different atomic masses, 13 the three transition metals were chosen to examine the influence of the atomic mass on the processes of electron-lattice relaxation.
The experimental arrangement was described in detail in Ref. 9 . The irradiations were carried out with a Ti:sapphire laser of 100-fs pulse duration. Two laser pulses of equal energy and variable interpulse delay ranging from 0 to 200 ps were obtained with a delay line of adjustable length. According to the total laser pulse energy of 50 lJ incident onto the sample surface and a spot diameter of 35 lm, a maximum fluence of 2 Â 2 J cm À2 was obtained. The Ti, Zr, and Hf samples were placed in a vacuum chamber of 10 À4 Pa residual pressure. Fast imaging of the ablation plume was performed with the aid of a focusing objective and an intensified charge-coupled device.
Prior to the double pulse experiments, we studied the plume expansion dynamics in the single pulse regime. Typical images of laser-generated plasmas are shown in Figs. 1(a)-1(c) for the three metals. In agreement with previous results, [14] [15] [16] short pulse laser ablation of metals leads to plume splitting into two components of different expansion velocities. The "slow" component observed close to the sample surface mainly includes nanoparticles, whereas the "fast" component consists of atoms and ions. To observe both components, the color palette was adjusted to the much smaller emission intensity of the fast component. The signal of the slow component is therefore strongly saturated and the observed shape does not represent the spatial distribution of the emission intensity.
Plume images recorded during ablation with two delayed laser pulses are presented in Figs. 1(d)-1(f) . With respect to the single pulse ablation, a sharp increase in emission intensity of the atomized plume component is observed, whereas the brightness of nanoparticles drops down. The emission intensities of atoms and nanoparticles deduced from the images are presented in Fig. 2 as functions of interpulse delay. It is shown that the atomic emission intensity rises, whereas the intensity of nanoparticles decreases. With respect to ablation of Hf (c), the intensity changes occur for a shorter delay in case of Ti (a).
Comparing the emission intensity evolutions to biexponential functions, Noël and Hermann 9 showed that the plume changes were characterized by two characteristic times. The shorter and longer times were attributed to electron-lattice thermalisation and plume reheating by the second laser pulse, respectively. Here, we focus our attention on the plume changes due to electron-lattice relaxation and we limit our analysis to the shorter timescale. At this timescale, the emission intensity variation versus interpulse delay is characterized by a monoexponential function IðtÞ ¼ I 0 þ I 1 ð1 À e Àt=s Þ. Here, I 0 is laser intensity at t ¼ 0, I 0 þ I 1 is laser intensity at t ¼ 1, and s is the characteristic time of plume intensity change. After the evaluation of I 0 and I 1 , we deduce s from the linearized function log½1 À ðI À I 0 Þ=I 1 ¼ t=s:
By applying Eq.
(1) to the atomic emission intensity values presented in Fig. 2 , a linear evolution is observed for the three metals with significant different slopes as shown in Fig. 3 . The inferred intensity relaxation times are 60, 110, and 240 ps for ablation of Ti, Zr, and Hf, respectively. One can note that s follows the atomic mass ratio 1:2:4 of the three metals (see Table I ).
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For times shorter than s e-l , the laser energy stored in the electron subsystem dissipates mainly by electron heat conduction. The laser energy transport into the bulk is characterized by the electron thermal wave that propagates at a distance z T % ffiffiffiffi vt p % m e ffiffiffiffiffiffi ffi ts tr p . 17 Here v % m 2 e s tr , s tr is the electron momentum relaxation time (the so-called transport time), 4 and m e is the mean electron velocity (m e equals to the Fermi velocity, m F ¼ ffiffiffiffiffiffiffiffiffiffiffiffi ffi 2e F =m p , if the electrons are degenerated, and to the thermal velocity in the nondegenerated case). 4, 17, 18 The propagation of hydrodynamic perturbations follows the law z H % ct, where c is the sound speed in the material. Thus, the sound wave catches up with the thermal wave and material motion sets in at
where M and m are the ion and electron masses. 4, 17, 18 As a result, despite similar thermal conductivities of Ti, Zr, and Hf, their characteristic times of electron-lattice relaxation are expected to differ due to the strong disparity in the atomic masses of these materials. An approximately linear increase of s e-l with M was also reported by Eidmann et al. for Cu, Ag, and Au. 17 A similar behavior was observed when irradiating Ti, Zr, and Hf with double pulses of lower laser fluence. With respect to the observations for 2 Â 2 J cm
À2
, s e-l is reduced for all metals at 0.5 Â 0.5-J cm À2 , but still follows the 1:2:4 atomic mass ratio. The lowering of s e-l with fluence is attributed to the s tr 1 1/T e dependence being valid for T e > 1 eV. 2, 18 At larger laser fluence, electron temperatures are larger, so that the relaxation time is shorter.
A broad spread in both s e-l and G values can be found in the literature. In the case of nickel, for instance, G values ranging from 3 to 10 Â 10 17 W m À3 K À1 have been published. 19, 20 The observed variations could be accounted by the different laser energies used for excitation. Most data were obtained in pump-probe experiments by measuring changes in surface reflectivity. 2, 21 These experiments are limited to relatively weak excitation due to nonlinear saturation processes occurring in very thin metal films ($200 Å ) used as targets. 2 In summary, we demonstrate for Ti, Zr, and Hf that ablation of metals with two delayed short laser pulses produces laser plumes with a composition that strongly varies with the interpulse delay. The characteristic delay of the plumes changes is equal to the electron-lattice thermalisation time and was found to increase linearly with the atomic mass, in agreement with the theoretical considerations presented here. Furthermore, s e-l is shown to increase with laser fluence according to the change of the heat regime. The present analysis evidences the possibility of characterizing the electron-phonon coupling of metals by observing the ablation plumes produced laser ablation with two delayed short laser pulses. With respect to conventional pump-probe reflectivity measurements, the presented results clearly demonstrate that multipulse laser irradiation can be applied for measurements of the electron-phonon coupling. E.A. acknowledges the partially funding support of the TE98 84/02.08.2010 project and Laboratoire LP3 (UMR 6182 CNRS -Université de la Méditerranée, Marseille, France) infrastructure. 
